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Introduction

44
The commensal microbial flora of human skin represents a diverse and dynamic ecosystem 45 which has evolved to colonise virtually every available habitat both on and within the 46 integumentary system (Malcolm & Hughes, 1980; Roth & James, 1988) . This microbial flora 47 6 Collected samples were plated on three different types of media; a, aerobic 125 coryneform medium with phosphomycin (ACP) (Taylor et al., 2003) for the enumeration of 126 aerobic Corynebacterium spp.; b, Staphylococcus selective medium (SS) (Marshall et al., 127 1987; Schleifer & Kloos, 1975) 
Statistical analysis 143
Data from the Protocol2 was converted to log colony forming units per square centimetre of 144 skin (log 10 cfu cm -2 skin). Data was analysed using the statistical package JMP using the 'Fit 145
Model'. The minimum detectable number of bacteria for the method used is 5 cfu mL -1
146
(which equates to 0.72 log 10 cfu cm -2 ). In cases where no bacterial colonies were recovered 147 values provided are 0.42 log 10 cfu cm -2 generated from an artificially provided value of 2.5 cfu 148 ml -1 bacteria. 149
Microbiomic sampling, DNA extraction, sample preparation and sequence processing 151
Ten subjects (5 females and 5 males) were microbiologically sampled by the standard 152
Williamson and Kligman technique (Williamson & Kligman, 1965 ) from the foot surface 24 153 hrs after undertaking a controlled foot wash. Subjects refrained from washing their feet or 154 applying any foot products for the intervening 24 hrs prior to microbiological sampling. They 155 were requested to wear test centre supplied socks for the duration of the study. The 156 microbiomics sampling procedure was performed twice times on either the left or right foot 157 with one sample taken from the plantar surface (site E) and the other sample from the dorsal 158 surface (site B) (Fig. S1 ).The DNA extraction, PCR amplification and subsequent analysis 159 was performed as previously published (Harker et al., 2014) with certain alterations to the 160 protocol. Twenty buffer scrub samples (50 mM Tris-HCl + 0.1 % v/v Triton-X100, pH 7.9) 161 were concentrated by centrifugation at 13,200 rpm for 20 min, the supernatant was removed, 162 and the cells resuspended in 500 µL Tris-EDTA (TE) buffer (10 mM Tris-HCl; 1 mM EDTA, 163 pH 7.4 ), in a Pathogen Lysis L tube (Qiagen). A negative control sample of the same buffer 164 used for sampling was included in the extraction and PCR amplification steps. Cell lysis of 165 the buffer samples was carried out by adding 3 µL Epicentre ® Ready-Lyse lysozyme (250 166 U/µL) and incubating the cell suspension with agitation of 300 rpm at 37 o C for 18 h, followed 167
by bead beating at 6.5 m/s for 2 x 45 seconds, with 5 minutes rest between bursts (on ice), 168 using the FastPrep 24 machine (MPBiomedicals). Samples were placed on the 169 QIAsymphony DNA extraction robot and DNA extracted as per the manufacturer's 170 instructions using the Virus/Pathogen DNA extraction kit (Qiagen). 
228
Microbial Diversity 229 α-diversity was measured using Renyi Entropy, which employs a generalisation of a number 230 of information theoretic measures. This allows the estimation of diversity across abundance 231 levels from rare species to the most abundant. One community can be regarded as more 232 diverse than the other if its Renyi diversity is higher across all abundance levels (Mecklin,2004) . β-diversity between communities was measured using the weighted UniFrac 234 distance and illustrated on a two dimensional plot produced from a principal coordinate 235 analysis performed in QIIME ( Ten subjects (4 female and 6 male) undertook a controlled wash of each foot and were 267 provided with a clean pair of socks. Subjects refrained from washing their feet or applying 268 any foot products, after 24 hrs subjects were provided with another clean pair of socks to 269 wear, such that test centre supplied socks were worn continuously 48 hrs prior to sampling. 270
On the day of sampling participants were instructed to fast and avoid drinking anything other 271 than water until the samples were taken. Conditioned polydimethylsilicone (PDMS) 272 membrane patches (Goodfellow Ltd, Cambridge, P/N Si303045), were placed onto the 273 dorsal (Site B) and plantar (Site E) surfaces of the foot ( (4 ng total loading) while skin sampling took place. This was accomplished using a Markes 295
International tube loading device operating at 100 mL -1 min for 1 min. 296 297
Thermal desorption GC-MS 298
All analyses were performed using a VG Trio 1 mass spectrometer combined with a HP5890 299 GC system and a Markes UNITY 2 thermal desorption unit. Samples were analysed using 300 the thermal desorption method as previously reported (Martin et al.,2012) . The resolution 301 conditions and mass spectrometer parameters are summarised in supplementary Table S1 . 
Statistical analysis 324
Quantitative data were expressed as means with standard deviations. Statistical 325 comparisons were performed using the two-sided paired t-test. A P value < 0.05 was 326 considered significant. 327
328
Results
329
Microbiological mapping of commensal bacteria on the foot 330
The feet of 8 female and 8 male panellists were sampled 24 hours after a controlled wash 331 from 8 different sites on each foot. Bacterial enumeration via culture dependent methods of 332 samples obtained from different sites on the foot, revealed significant differences in the 333 numbers of commensal bacteria observed on each media between the dorsal and plantar 334 surfaces of the foot as presented (Fig. 1) . Plantar sites E and F (the ball of the foot) had 335 significantly higher mean log counts than G and H (the heel of the foot). However, in the 336 case of GPAC sites F and G were not significantly different from each other. There was a 337 significant difference between site A (dorsal, near the big toe) and the other dorsal sites for 338 staphylococci (p=0.004), for corynebacteria these differences were non-significant (p=0.07).and H (plantar heel) exhibited significantly higher bacterial numbers than all the dorsal sites 341 A-D (p<0.0001). The difference was most pronounced for staphylococci and then 342 corynebacteria but it was also significant for the anaerobes (p<0.0001). Staphylococcus 343 spp. bacteria were isolated in high numbers from all panellists whereas aerobic 344 corynebacteria and GPAC were much lower in number and were not isolated from a large 345 proportion of samples. The culture based data demonstrates the relative numbers of each 346 organism within the bacterial population of the foot with Staphylococcus spp. making the 347 largest contribution to the microbial community, with the next largest contribution made by 348
Corynebacterium spp. and the smallest contribution being made by the GPAC organisms 349 (Fig. 1) . 350 Twleve genera were significantly enriched at the dorsal sites with a relative abundance of 378 between 0.10 to 12.10%, including Corynebacterium (12.1%), Enhydrobacter (6.5%), 379
Chryseobacterium (6.0%) and Micrococccus (5.5%) and the GPACs, Peptinophilus (0.6%) 380
and Finegoldia (0.5%). Kytococcus and Brevibacterium, genera previously implicated in foot 381 malodour were present in low relative abundance at both plantar (0.10%, 0.22%, 382 respectively) and dorsal (0.02%, 0.06%, respectively) sites. Table S4 provides a list of the 383 genera showing evidence of statistically significant differences between the mean relative 384 abundance on the dorsal and plantar surfaces. 385
The heatmap visualisation of classified genera reveals cluster patterns based on the 386 genera present at the plantar and dorsal sites (Fig. 4) . Samples were seen to cluster into 387 the dorsal and plantar sites of the foot confirming that diversity at the dorsal site is 395 significantly greater than the plantar across all levels of taxonomic abundance. Analysis of 396 the diversity between the bacterial communities of different sites (β-diversity) shows 397 clustering of the plantar samples with the exception of the plantar sample from subject 8, 398
which clusters with the dorsal samples (Fig. S5) and confirms the previous observations 399 (Fig. S4) . Analysis of these weighted UniFrac distances using permutation ANOVA 400 revealed a statistically significant difference in mean diversity between plantar and dorsal 401 sites (Pr(>F) = < 0.001). No evidence of a difference was observed for gender (Pr(>F) = 402 0.56. Due to uneven read distribution among two samples (3P & 6P) these were removed 403 from a subsequent analysis. Removal of these samples did not cause a significant shift in 404 community α or β-diversity measurement (Fig. S4 & Fig. S5) . 405
406
Analysis of volatile fatty acids by thermal desorption-GC-MS of skin patches sampling 407 different sites on the foot 408
The volatile fatty acid quantification from the dorsal and plantar surfaces from 10 subjects 409 are provided in Table 1 . This data demonstrates significant increases of specific volatiles 410 symptomatic of foot odour on the plantar surface when compared with the lower 411 concentrations detected from the dorsal region i.e. acetic, butyric and valeric acid. Even 412 more pronounced is the complete absence of the highly odiferous volatile isovaleric acid 413 from the dorsal surface, whereas in contrast this key foot odorant is readily detected on the 414 plantar surface. This data indicates VOC's responsible for foot malodour to be more 415 prevalent and abundant on the sole of the foot especially in the case of isovaleric acid which 416 was never observed in samples obtained from the dorsal surface. Figure 5 illustrates 417 representative chromatograms of PDMS skin patches derived from the dorsal and plantar 418 surfaces of the same male volunteer (subject 5), showing increases in hexanoic and valeric 419 acid and the appearance of isovaleric acid in the skin patch from the plantar sample 420 compared to the dorsal sample. 421
Discussion
424
The results obtained in the present study are similar to those reported previously. 425
Staphylococci were isolated from every foot at almost every site. In total, staphylococci were 426 prevalent in 93.3% of all foot samples. Aerobic corynebacteria were isolated from 86.9% of 427 all samples. The prevalence of bacteria was lower from dorsal surfaces than plantar 428 surfaces for all bacterial types. Staphylococci were present in 96.8% plantar samples 429 compared to 89.6% dorsal samples. Corynebacteria were isolated from 95.3% plantar 430 samples and 78.4% dorsal samples. GPAC were isolated from 90.6% plantar sample and 431 only 68.3% dorsal samples. The prevalence of staphylococci and aerobic corynebacteria 432 was 100% and 98.3% from the dorsal and 100% and 96.6%, respectively in the population 433 sampled previously (Marshall et al., 1987 ). GPAC's were isolated from 79.8% of all 434 samples, which is considerably higher than previously reported levels of 6.7% from both 435 plantar and dorsal surfaces (Marshall et al., 1987) . 436
Staphylococci were present in higher numbers than aerobic corynebacteria and 437 GPAC. The population density of staphylococci ranged from 4 to 5 log 10 cfu/cm 2 on the 438 plantar sites and was approximately 2.0 log 10 cfu/cm 2 on the dorsal surface of the foot, 439 similar to those reported previously. The mean population densities of staphylococci from a 440 study involving 30 males and 30 females were 5.48 and 2.54 log 10 cfu/cm 2 for the plantar 441 and dorsal surfaces respectively (Marshall et al., 1987) . In another study of 19 males, the 442 mean population density of staphylococci from the plantar surface was 5.94 log 10 cfu/cm 2 , of 443 the 19 feet studied, 17 had microflora dominated by staphylococci (Marshall et al., 1988) . 444
Similarly, the counts obtained for aerobic corynebacteria were also higher from the plantar 445 sites (2.5 to 4.0 log 10 cfu/cm 2 ) than the dorsal sites (1.5 to 2.0 log 10 cfu/cm 2 ). Again, this 446 reflects previous data where a study of 30 males and 30 females recovered 4.21 log 10cfu/cm 2 corynebacteria from the plantar and 2.4 log 10 cfu/cm 2 corynebacteria from the dorsal 448 surfaces (Marshall et al., 1987) . A study of 19 males also yielded a mean bacterial density 449 from the plantar surface of 4.92 log 10 cfu/cm 2 corynebacteria (Marshall et al., 1988) . The 450 mean counts for GPAC were 1.0 and 1.0 to 2.0 log 10 cfu/cm 2 for the dorsal and plantar 451 surfaces, respectively. Previous work demonstrated higher counts for GPACs on the dorsal 452 than the plantar surface but these were in the range of 0.86 to 2.25 log 10 cfu/cm 2 (Marshall et 453 al., 1987) . The inter-toe web space is reported to sustain the highest microbial populations 454 on the foot, however, due to the absence of a suitable sampling method (i.e. ability to 455 sample bacteria per unit area) this site was not evaluated in the present study. ) (Szabo, 1962) and is subject to increased mechanical 491 stress (Kim et al., 2010) . Which if any of these factors is responsible for the stark 492 differences in microbial numbers and diversity between these two sites remains to be 493 established, although superficially not drastically different, the intrinsic subtleties between 494 these two sites appear to be responsible for causing radical differences in the skin 495 microbiota at these two sites. Of particular importance may be the low levels of extracellular 496 lipids available to sustain the growth of Corynebacteria spp. Many Corynebacterium spp. 497 are known to be lipid-dependent as they lack the necessary fatty acid synthase gene 498 essential for lipid biosynthesis, rendering these microbes dependent on their host for a 499 supply of lipids to sustain growth (Tauch et al., 2005) . Therefore, a lack of available lipid on 500 the plantar surface may be one reason why these bacteria are unable to effectively colonise 501 this site, particularly since this bacterium is unable to utilize glucose or acetate as its sole 502 carbon source. 503 Staphylococcus spp. isolated from the human foot have been shown to convert branched 506 aliphatic amino acids, such as L-leucine, to short-chain methyl-branched VFA's, including 507 isovaleric acid (James et al., 2013) . Isovaleric acid was detected in the plantar skin patches 508 of 8 subjects but was not detected in measurable quantities in any of the dorsal samples. 509
The fact that isovaleric acid was not detected on any skin patches obtained from the dorsal 510 surface, but was present on the plantar surface is almost certainly attributable to the high 511 numbers of Staphylococcus spp. residing at this site. Although staphylococci were present 512 on the dorsal surface it would appear that there were insufficient numbers to produce 513 detectable levels of isovaleric acid. The levels of other VFA's that contribute to foot odour 514 indicating that staphylococci may play a major role in the generation of these acids also. 517
The skin patch data supports the notion that high numbers of bacteria, in particular 518
Staphylococcus spp., are implicated in the production of foot odour. Variations in the spatial 519 distribution of these microbes appear to be responsible for the localised production of odour 520 across the foot, a notion put forward previously but until now not verified (James et al., 521 2013) . 522
One particular bacterium that has been linked with the generation of foot malodour is 523 VFA's can be accomplished in its absence. The absence of large numbers of certain 532 bacteria implicated in the production of foot odour such as K. sedentarius, Brevibacterium 533
and Micrococcus is in agreement with previous studies that have investigated the foot 534 microbiome (Grice et al., 2009; Findley et al., 2013) and is not considered to be an 535 experimental artefact given the extensive taxonomic coverage of the approach adopted. 536
The intensity of foot malodour would appear to be associated with an increase in the 537 total microbial load, along with elevated skin pH and minor pitting of the stratum corneum 538 (Marshall et al., 1988) . Elevated hydration levels, as a consequence of the use of occlusive 539 footwear and/or high environmental temperatures, lead to an increase in microbial numbers, 540
particularly Staphylococcus spp. Under these conditions the combination of increasing 541 levels of eccrine sweat (Harker & Harding, 2012 ) and callus-degrading activity by the foot 542 microbiota (Holland et al., 1990) , leads to the liberation of high levels of peptides and amino 543 acids which, in turn, serve as substrates for the production of malodour. Due to differences 544 in the spatial distribution of the microbial population across the foot the plantar surface is a 545 major site of malodour production. Given the high microbial load and propensity of 546
Staphylococcus spp. to colonise this site it is also expected that that the inter-toe web space 547 is an important site for malodour production on the foot. Table S2 : Volatile fatty acid GC/MS retention times using the separation conditions as described and their respective target ions in selected ion chromatogram mode. 
